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Photonic band gaps of porous solids
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Colloidal inverse photonic crystals composed of ordered lattices of air spheres in a high dielectric back-
ground are found to have three-dimensional photonic gaps for face-centered cubic, hexgaonal close-packed,
and double hexagonal close-packed stacking sequences. Conditions for the occurrence of the complete gap are
a sufficient dielectric contrast and a geometry near close packed. Although the lower pseudogaps of these
stacking sequences differ, the lowest stop band in the stacking direction is insensitive to the stacking sequence;
hence their experimental reflection should be similar. Transmission calculations with structural disorder show
the lower pseudogap is relatively unaffected but the higher gap is very difficult to observe with moderate
disorder.

[. INTRODUCTION infiltrated with titania or other polymer material through a
sol-gel process. We have also achieved this structure by a
Photonic band-gafPBG) materials have emerged as new somewhat different ceramic technique where the ordering
class of engineered structures where electromagnetic waxand filling process was performed simultaneodsi¥he
propagation is forbidden in a certain frequency region—thespheres were then removed by calcination or etching, leaving
photonic band gap.* A major thrust has been to design and a macroporous solid where close-packed spherical air cavi-
fabricate photonic crystals at optical length scales. PBG crysties are enclosed by a high dielectric matfix?
tals at optical wavelengths offer new ways to manipulate However, experimental crystallization of close packed
light and have several potential applications to higher efficolloids generates packing sequences that differ from fcc
ciency lasers, optical communications, and in catalysis.  structures and may even be random. Recent fabrication of
We focus here on three-dimensior{d8D) photonic crys- close-packed colloids have their growth direction along the
tals, where the propagation of waves is forbidden for alldense 111 hexagonal planes. The 111 planes suffer from
directions at frequencies within the band gap. Microelectwinning, i.e., the next layer can occupy two equivalent po-
tronic fabrication techniques for 3D crystals at optical lengthsitions. The structure may not be pure fcc or hep. An experi-
scales are very difficult, although much progress has recentlihental solution is to use a fcc 100 template, since the 100
been made in fabricating 3D-PBG CryStals at near'infrareqﬂane does not permit twinning, and Very h|gh_qua||ty Sing'e
wavelengths:® Since three-dimensional colloidal crystals crystals have been synthesized by colloidal epifdxy.
self-assemble with excellent long-range periodicity at optical Although the fcc structure is speculated to have the lowest
Iength _scales, t_hese colloidal cry_stals have emerged as vepyq energy, the free energy differences from other close-
promising candidates for photonic band-gap structures. R&sq e stacking sequences is very small. We have indeed
ge?tlyl lseverr:]al grtlbélplsz ha:jvc; fabrlcactj(_ed dcor:I0|qu cr%/fstals abbserved different stacking sequences is scanning electron
ptical length scales™=and have studied p 9F0n|c e”ects. microscope images of close-packed air spheres in a titania
Theoretical studies have identified the “inverse” face- : . ; R
centered cubidfcc) structure as one of the best suited for matrix. Her_lce we |n\{est|g§1te in this paper the depend?nce of
fhe photonic properties ofn) the stacking sequence afid)

hotonic band gaps. This consists of a periodic array o . ] ) )
P gap D y on the structural disorder that invariably occurs during the

close-packed low dielectric spheres with refractive index ) ; A L
in a high dielectric background with refractive indey, gen- synthesis. These calculations provide important limits for ex-

erating the refractive index contrast=n,/n;. The spheres perimental observation of photonic gaps in colloidal crystals.

may be air ;=1) enclosed by the interconnected higher

dielectric background. Calculations have found the inverse

fcc structure to have both a low-frequency pseudogap and a Il. COMPUTATIONAL METHOD

high frequency three-dimensional band ¢&p-’ The inverse

structure has much more desirable photonic gaps than the The calculations are based on the well-established plane-

direct structure of close-packed dielectric sphéfeshich ~ wave expansion techniqdé:***3Here vector-wave solu-

has been synthesized earlier by several grdtips. tions of Maxwell’'s equations in a periodic dielectric struc-
This inverse close-packed structure has been synthesizédre are found from a plane-wave expansion of EhandH

by several groups®? by first crystallizing a close-packed fields. The spatially periodic dielectric functice(r) is ex-

array of polystyrene or silica spheres from a monodisperspanded in plane waves to yiek{G). The dielectric matrix

suspension. The interstitial regions of this template were thein Fourier space is then inverted to yield {(G—G’),
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which is used in the calculations. Matrix diagonalization a stopbands inverse fcc 111 direction
yields the band frequencies(k) for each wave vectok. O e -~ A e B B

lll. RESULTS 25 |-
The inverse fcc structure is known to have a full gap I
between the 8 and 9 bantfs” which has its largest magni-
tude near the close-packed geometfilling fraction f
=0.74). For all filling ratios the dielectric background forms
a multiply connected network. A minimum refractive index
contrastn;/n,>2.9 is needed to obtain this full gap, al-
though the lower frequency pseudogap is observable at much
lower contrasts. For spherical air cavities in silicon (
=3.4) or GaAs (=3.6), both the pseudogap and full gap
should be observable, whereas for titania as backgroand ( b
=2.5-2.7 only the pseudogap exists. For spherical air cavi- 1.6 —
ties of diameter 290 nm in a backgroune- 3.1, we expect I
the pseudogap at 719 nm and the full gap at 473 nm.
Microelectronic methods are difficdft>3but were used to
fabricate an fcc crystal by stacking dielectric slabs containing
a triangular lattice of air cylinder¥. However the cylinders
break the spherical symmetry of the lattice, and lead to a
closure of the full gap since the cubic symmetry is lost. The
lowest frequency stop band is still obsenéd.

wavelength (units of d)

wavelength (units of d)
~
1

Colloidal systems using titania or similar ceramic material 08 I s VN
as the background suffer from having a low dielectric con- N N I
trast. Although titania has a refractive indéxy between 2.5 0.3 0.4 0.5 0.6 0.7 0.8
and 2.7 at optical wavelengths, a lower density of titania may filling ratio

result from ceramic processing or sol-gel methods, resulting
Inhat Subsl(tjatnr;[lally Iovyer r;eflragtlvet mde}ﬂ(ng " We as],ck 111 stacking direction of the inverse fcc lattice as a function of the
w &.1 wou € expermental signa _ur(_a 0 .SUC |.nverse cc O,iilling ratio. Stop band wavelengths are in unitsdhfthe center-to-

similar structures be for such realistic dielectric contrasts

. i e . ctenter separation between the spheres. A realistic refractive index
Optical measuremenits of the transmission or reflection re- (n=2) is used. Bands are displayed by lines. Band gaps are the

veal stop bands along the 111 stacking direction of the crySshaged regions. The longest wavelength stop band corresponds to

tal. We calculate the stop bands along the 111 diredf@@.  the pseudogap region and is shadél. The higher bands are en-
1) for a lower but realistic contrast @f=2. There are a rich |arged and shaded regions display the stop bands.

variety of stop bands as a function of the filling ratio. The
lowest stop band is very wide, corresponding to thenal close-packedhcp structure with the stacking sequence
pseudogap region, and would generate a strong reflectioABAB, rather than the fcc structure. The hcp structure also
peak, or a transmission dip for sufficiently thin films, at ahas a remarkable full gap at higher frequency between the 16
wavelength close to twice the sphere diaméter f~0.7). and 17 bands, very similar to that of the fcc structtfr&his

At shorter wavelengths, there are two closely spaced stofull gap opens up for refractive index contrast/n,>3.1.
bands for filling ratios above 0.6Fig. 1). Of these, the The minimum refractive index contrast needed to observe
shorter wavelength stop band is the remnant of the full 8—%his gap &3.1, Fig. 2 is larger than that found for the fcc
gap. At lower filling ratios {<0.6) these stop bands disap- structure &2.9). The size of the gap for the hcp structure is
pear but a new narrow stop bafftetween bands 10 and )11 optimized for a larger air filling ratio of air, close fo=0.8,
appears. As filling ratios are decreased below 0.7, anotheesulting in a more sparse structure, rather than the close-
stop bandbetween bands 16 and )1@pens up and persists packed geometry. Spontaneous emission may be inhibited
down to low filling ratios. Even though the dielectric contrastand lifetimes of excited states increased, for emission fre-
is not sufficient to open a full gap, the reflection from the quencies within the full band gap of these structures.
close-packed 111 layers should contain a strong peak from We compare the experimental signature of reflection and
the lowest stopband or pseudogap. There should be addiransmission from the hcp stacking with the fcc stacking, by
tional multiple-reflection peaks from these higher stop bandsgalculating the stop bands of the hcp structure along the 001
whose positions are dependent on filling ratios. stacking direction. As in the fcc calculation we use a realistic

High-contrast fcc lattices have a spectrum of stop bandbut lower refractive index contrast of 2. The stop bands in
in the 111 and 100 directiort§3**However for lower con- the stacking direction sho\Fig. 3 a wide stop bandbe-
trast (e.g. n=2), only the stopbands in the 111 direction tween bands 4 and) %t the same wavelength as in the fcc
remain, and no stopbands are found in the 100 direction, dustructure. This stop band is independent of the stacking se-
to band overlap. For low contrasts, it is experimentally ad-quence.
vantageous to fabricate the lattice stacked along the close- There are further narrow stop bands in the hcp structure at
packed direction, to observe stopbands. shorter wavelengthgFig. 3) that are somewhat different

Experimentally, colloidal crystals may stack in a hexago-from the fcc case. Unlike the fcc case, we do not find a wide

FIG. 1. (a) The photonic stop bands for propagation along the
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FIG. 2. The magnitude of the 3D band gap as a function of the k1. 4. Photonic densities of states for the dhcp structwith
refractive index for the hcp, dhcp, and fcc stacking sequences of alftacking sequence ABACat the close-packed geometry of touch-

spheres. All the calculations are for a filling ratio of 0.74 corre- ing air spheresfi=0.74). A refractive index contrast of 3.6 is used.
sponding to touching spheres.
virtually the same frequency as in the hcp structure. The

higher-frequency stop band opening up for filling ratios pe-Minimum refra_ctive index contrast'needed for this gap is
low 0.7. In addition, there are band touching degeneracied 2:8, substantially lower than that in the hcp structure, and

that may generate significant reflection signatures. Most imSigntly lower than that for the fcc structur®ig. 2). Hence
portantly, photonic crystals with both stacking sequenceihe dhcp stacking has advantages over the hcp structure. The

o ; Il gap is also larger for the dhcp stacking than for the hcp
should have a strong reflectivity peak corresponding to the-
first stop band whicr§1J depends >(/)nply on the Iocpal ordgr. structure at the close-packed geometfy-0.74). Although

In experiments a uniaxial compression of the structur there is no low-frequency pseudogap in either the dhcp or
) .~ hcp structures the lowest stop band is very similar for both
Mmay occur from the pressing of the nanostruc';ured .t'tan'%tacking sequences, and similar to the results in Fig. 3.
film with air pores during synthesfsOur calculations find It is interesting to compare the photonic properties of the
that the width of the lowest stop band decreases and thgigh-symmetry body-centered-cubiibcd structure to these
higher stop bands become less significant, with uniaxiatjose-packed geometries, since bce colloidal crystals can be
compression. synthesized® The bcc lattice of air spheres in a background
A viable alternative to the hcp and fcc structures is thegdielectric ofn= 3.6 has a high-frequency pseudod&iy. 5)
double hexagonal close-packédhcp structure with the for the porous structure with a high packing fraction of air
stacking sequenc&BACi.e., a repeat sequence of four lay- (f=0.8), corresponding to overlapping air cavities. In terms
ers. The dhcp structure is found in the crystal structures opf the sphere radiiR), the bcc pseudogap frequency occurs
the rare-earth metals Am, La, Nd, and®he free energy at 0.2&,/R compared to 0.2% /R for the fcc full gap, for
of a dhcp colloidal crystal should be very similar to the hcpthe contrash=3.60. Occurrence of the higher gap is a com-
colloidal crystal. mon feature in high-symmetry inverse crystal lattices. This
The calculated density of stat€309) for the “inverse”  bcc pseudogap does not appear for lower dielectric contrasts
dhcp structurgFig. 4) shows a similar higher band gap at such asn=3.1. The bcc lattice composed of a cylindrical
elements has been found earlier to have a full band®gap.

3 ——
i IV. DISORDER AND PHOTONIC GAPS
2.5 Experimentally fabricated colloidal crystals have a con-
siderable degree of disorder, and can dispiagint defects
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FIG. 3. The photonic stop bands for propagation along the 001 50 E ]
stacking direction of the inverse hcp lattice as a function of the F ]
filling ratio. Stop band wavelengths are in unitsthfthe center-to- 0 0' ’ 0.2 ’ '0'4' ! .ole ! '0'8' ! '1 = '1 5
center separation between the spheres. A realistic refractive index | frequency (c0/a) ’

(n=2) is used. The wide, longest wavelength stop béstthded

region corresponds to the pseudogap region. For clarity individual FIG. 5. Photonic densities of states for the body-centered-cubic
bands are not shown. Dashed lines indicate the narrow stop bands(@ico lattice of air spheres for a filling ratio of 0.8, corresponding to
shorter wavelengths. overlapping air spheres. The refractive index contrast of 3.6 is used.
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FIG. 7. The product of the midgap frequencies and the
Maxwell-Garnett effective refractive index, as a function of the
background refractive inder. Calculations are for touching air

FIG. 6. Transmission through a fcc lattice of air spheres as &pheres {=0.74).
function of the frequency, calculated with the transfer matrix
method. Dashed line is the case of the ideal crystal showing botfound earliert® where the lower frequency pseudogap was
the lower pseudogap and the higher full gap. Dotted and solid linegelatively unaffected by moderate absorption, whereas the
are for disorder in the positions of the spheres where the meaRnigher gap was no longer observable.
positions of the spheres are displaced by an amd(mbf 0.1 and Another possibility is when the structure is very well or-
0.2, respectively. A large system of 12 unit celB6 layers was  dered within the close-packed planes, and the only disorder
used in the stacking direction. A filling ratio of 0.6 and refractive 5 in the stacking sequence of the planes, resulting in a ran-
index contrast of 2.23 was used. A realistic but small absorptiorbom packing sequence. In this case, we expect the structure
(Ime=0.1) was also used. to still show a higher gap, but states may be introduced in-

_ _ ) ) ~ side the gap.
in the form of vacancies and domains where the orientation

of the triangular lattice differs across the domain boundary. PPROXIMATION
It is then important to evaluate the sensitivity of the photonic V. EFFECTIVE-MEDIUM A

gaps to disorder. We considered the fcc structure of air |n the effective-medium approximatiththe scalar wave
spheres in a low dielectric backgroundro¥2.23 (e=5) to  effective dielectric constant is a poor representation of the
account for experimental porosity of the background ceweffective dielectric constant as inferred from the long-
ramic. A filling fraction of 0.6 was used consistent with an wavelength limit of the modes. Instead the Maxwell-Garnett
estimation of the packing in the experimental structure. Aeffective dielectric constant was found to very well represent
realistic absorptioriim(e)=0.1] was included in the trans- the |ong-wavelength limit of various photonic lattices, in-

fer matrix calculations. A supercell was used perpendiculagjuding the fcc latticé® Here the Maxwell-Garnett effective
to the stacking direction. For the ideal crystal, the calculate@jielectric constant is

transmission shows pronounced dips at both the pseudogap

and full gap frequencie§-ig. 6). Disorder is then introduced emg=€1[ €1+ 1+2f(1—€1))/[26,+1—f(1—€1)]. (1)

in the positions of the air spheres that can randomly vary by

an amound along each direction. For a 10% disordedita Heref is the filling fraction of air ande; the dielectric con-

(a is the lattice constapthe pseudogap is still observed, but stant of the background medium.

the higher gap can no longer be observed in transmission, From effective-medium theories the product of the mid-

which just decreases at higher frequenci€sy. 6). For  gap frequency and the Maxwell-Garnett refractive index con-

higher disorder in sphere positions of 20% the pseudogap isast is expected to be a constant. We plot this prodict.

also very weakFig. 6) and appears as just a shoulder in the7) and indeed find the produetny,g to be almost indepen-

transmission. dent of n, confirming that the Maxwell-Garnett effective-
These results suggest that the full 3D higher gap is verynedium approximation works very well.

sensitive to disorder and cannot be observed for moderate

amounts of disorder. In contrast the lower pseudogap is rela-

tively robust to disorder. In the inverse fcc structure with a

moderate amount of disorder, we expect the lowest stop band In summary we have calculated the photonic band struc-

should still be observed. This is physically reasonable sincéure of the inverse fcc, hcp, and dhep structures. The dhcp

the phase of the electromagnetic wave oscillates rapidly istructure shows a full higher frequency band gap similar to

the unit cell for higher frequencies or large wave vedtor that found for the fcc and hcp structures. For a low dielectric

and can be more strongly affected by variation of the posicontrast where the full band gap is no longer present, all of

tions of the scattering centers in the unit cell. We extend thighese structures exhibit a wide stop band in the 111 direction,

analysis to the hcp and dhcp structures and conclude thabservable as a strong peak in reflection from the close-

with high disorder the full gap will no longer be observable packed planes. The full band gap is very sensitive to disorder

in either of these structures. and absorption, and cannot be observed with moderate dis-
Similar sensitivities of gaps to absorption have beerorder.

-100.0 L . L
0.0 1000.0 2000.0 3000.0 4000.0

Wavenumber (1/cm)

VI. SUMMARY
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